Relatively little is known about the basic mechanisms that play a role in the vulnerability of the developing brain toward adverse environmental influences. Our study in the South American rodent Octodon degus revealed that repeated brief separation from the parents and exposure to an unfamiliar environment induces in the hippocampal formation of male and female pups an upregulation of D 1 and 5-HT1 A receptor density in the stratum radiatum and stratum lacunosum moleculare of the CA1 region. In the CA3 region, only the 5-HT1 A receptors were upregulated; no changes were observed for D 1 receptors in this region. GABA A receptor density in the hippocampus and amygdala was downregulated (nonsignificant trend) after parental separation.
Introduction
Subtle interactions of environmental signals with genes that drive neuronal differentiation and the formation of synapses and brain circuits are required for the normal development of functional brain circuits. The development of limbic structures such as the hippocampus and the amygdala can be modulated by sensory as well as emotional experience during early postnatal life (Walsh, 1981; Martin et al., 1991; Sutanto et al., 1996; Avishai-Eliner et al., 1999; Joseph, 1999; Swann et al., 1999; Vazquez et al., 2000; Chugani et al., 2001) . This adaptability of the developing brain toward adverse environmental influences such as sensory and emotional deprivation or stress has been studied in various animal models. Application of paradigms for stressful experience such as maternal separation and the exposure to an unfamiliar environment has been shown to induce altered aminergic transmitter function (Tamborski et al., 1990; Jones et al., 1992; Harvey et al., 1994; Kehoe et al., 1996; Hall et al., 1999; Braun et al., 2000; Caldji et al., 2000; Ziabreva et al., 2000; Matthews et al., 2001; Meaney et al., 2002; Neumaier et al., 2002) as well as long-term changes of synaptic composition (Helmeke et al., 2001a,b) , that are accompanied by behavioral changes (Hall, 1998; Braun et al., 2003) .
Monoaminergic and GABAergic systems modulate emotional and motivational aspects of behavior such as anxiety and reward and punishment situations. Transient or lasting experienceinduced changes of these transmitter systems in limbic structures, which mediate emotional behaviors as well as learning and memory formation, may result in altered cognitive and socioemotional capabilities at later stages of life. Thus, one aim of this study was to localize, autoradiographically, the region-specific changes of dopaminergic, serotonergic, and GABAergic transmitter receptors in the hippocampus and the amygdala after a stressful and fear-inducing situation, i.e., separation from the family and exposure to a novel environment.
The consequences of early aversive environmental stimuli on brain function can be ameliorated or prevented by the interaction with the mother via her sensory signals, including visual, olfactory, tactile, and acoustic stimuli (Fleming et al., 1999) . Maternal vocalization is an essential part of the establishment and maintenance of the infant-mother attachment and mental development not only in humans (Barnard and Bee, 1983; Fifer and Moon, 1994) but also in the species investigated in this study (Reynolds and Wright, 1979; Poeggel and Braun, 1996; Braun and Scheich, 1997; Braun and Poeggel, 2001) . Pups of the South American species Octodon degus are born with open eyes and ears, similar to human newborns (DeCasper and Fifer, 1980; Fifer and Moon, 1994) , which allows them to recognize, learn, and interpret acoustic signals (Poeggel and Braun, 1996; Braun and Poeggel, 2001) and to discriminate between familiar and novel environments immediately after birth. Thus, the second aim of this study was to investigate a possible protective role of maternal signals, i.e., maternal vocalizations, on separation-induced transmitter receptor changes.
Materials and Methods

Housing conditions
The degus were bred in our colony. Family groups consisting of an adult couple and their offspring were housed in standard rat cages (length ϫ height ϫ depth: 53 ϫ 24 ϫ 32 cm) and exposed to a 12 hr light/dark cycle. Fresh drinking water and rat diet pellets, vegetables, and fruits were available ad libitum. The rooms were air-conditioned, with an average temperature of 22°C. Short separation from the parents and siblings started on postnatal day (P) 8 and was continued until P10 (the day of birth was considered as P0).
Experimental groups
Separation from the parents and siblings (SP group: N female ϭ 6; N male ϭ 5). The pups were taken out of the home cage and individually exposed for 3 min to an unfamiliar environment, an open field arena (length ϫ depth ϫ height: 0.7 ϫ 0.7 ϫ 0.25 m; the color of the open field was light gray). The light levels in the testing room were kept at 1.5 Lux. The floor and the walls of the arena were carefully wiped with 70% ethanol and dried with a fresh paper towel between each animal. Two separation periods (between 8 and 9 A.M. and between 2 and 3 P.M.), 3 min each per day, were performed, resulting in a total of six separation periods. After the last separation period on P10, the pups remained undisturbed with their families until P14.
Separation from the parents and siblings and tone stimulation (SPϩT group: N female ϭ 6; N male ϭ 6). The procedure for these animals was identical to the SP group except that the maternal call (ϭ tone) was presented during the 3 min of parental separation. Details of the acoustic features of the maternal call are in Poeggel and Braun (1996) and Braun and Scheich (1997) . Maternal calls from a lactating female degu that was unfamiliar to the tested pups were presented via two loudspeakers. For all litters and experiments the same maternal call was used to keep the acoustic stimulus parameters identical. In previous experiments the same set of vocalizations has been shown to evoke behavioral responses (Poeggel and Braun, 1996; Braun and Poeggel, 2001; Braun et al., 2003) and to activate prefrontal cortical regions, including the anterior cingulate cortex (Poeggel and Braun, 1996; Braun and Scheich, 1997) in normal, nondeprived degu pups. In contrast to all other calls (warning calls, contact calls), which have a duration of Ͻ1 sec, the maternal call may last several seconds. It consists of two elements: a long repetitive rattling followed by a constant frequency of slowly modulated peep tone. The rattling is a pulse-like, steep up and down frequency modulation between 0.3 and 3.5 kHz, whereas the frequency of the peep varies around 2 kHz (Braun and Scheich, 1997) . One such call of ϳ3 sec duration was used here in a repetitive mode (20 per minute), whereas in a normal situation such calls are uttered by mothers for up to 60 sec (average duration of a sequence 15 sec.
Control group (control: N female ϭ 8; N male ϭ 5). These pups remained undisturbed with their families until P14.
Ligand binding autoradiography
The animals of all three groups were killed at the age of P14, and their brains were processed for autoradiography. The autoradiographic procedure was performed according to Schnabel and Braun (1996) and is summarized in Table 1 . Slides with serial sections from each experimental group (control, SP, and SPϩT) were incubated simultaneously with the radioactive com- N-dipropyl-8-hydroxy-2-aminotetralin), and [ 3 H]muscimol (5-(aminomethyl)-3(2H)-isoxazolone) (NEN, Köln, Germany). For quantitative analysis, slides together with tritium standards (Biotrend, Köln, Germany) were exposed to imaging plates (Fuji, Tokyo, Japan) with a ␤-ray emission-sensitive phosphor crystal layer for 6 d. The resulting radiation from imaging plates was read by the scanner unit of the imaging system BAS3000 (Fuji). During the scanning procedure the photostimulable phosphor crystal of the plate emits intensified light [photostimulated luminescence (PSL)] in proportion to the primary excitation from the radiation. This PSL was measured in each measuring field (integrated PSL over the area) of the brain and in the tritium standards, and after subtraction of the background it was calculated per square millimeter using TINA2.9 software. (Raytest, Straubenhardt, Germany). To test for gender-specific variations and hemispheric asymmetries, all quantitative analyses have been performed separately for male and female pups and for right and left hemisphere, respectively. For each animal and brain region, six sections over a rostrocaudal extension of 250 m were measured, for which the mean densities were calculated. Brain areas, summarized in Table 2 , were selected for quantitative analysis according to their distinct labeling and clear identification from adjacent areas. In some cases sections counterstained with cresyl violet were used for definition of hippocampal subregions and amygdaloid nuclei, which were identified according to the degu brain atlas (Wright and Kern, 1992) .
In the present study we used saturable ligand concentrations, determined in saturation binding experiments and Scatchard plots (data not shown), to analyze the maximal binding to the receptor. The receptor densities were calculated as molar quantities of the bound radioligand per unit protein (femtomole per milligram) by calibration of the measured PSL against the tritium standards (Biotrend) as nanocuries per milligram that were converted into femtomole per milligram. The data from receptor ligand binding (bound ligand per unit protein) experiments were analyzed by the Kruskal-Wallis one-way ANOVA (significant difference was set at p Յ 0.05) followed by two-tailed Mann-Whitney U test. 
Results
Dopaminergic D 1 receptors
Compared with prefrontal cortical regions (Ziabreva et al., 2003) , the hippocampus displayed very low D 1 receptor density (Fig.  1 A) . The amygdaloid complex, a region with varying densities of D 1 receptor binding, displays moderate levels of D 1 receptor density in the basomedial and central nucleus and lower binding in the basolateral nucleus (Fig. 1 A) .
5-HT1 A receptors
The CA1/stratum radiatum, CA1/stratum lacunosum moleculare, and CA3 region of hippocampus displayed a moderate to high level of 5-HT1 A receptor density (Fig. 1 B) . The distribution of 5-HT1 A receptors in the amygdala was generally homogeneous, with moderate to high density in the basomedial amygdaloid nucleus (Fig. 1 B) . Gender differences of 5-HT1 A receptor density were detected. In the molecular layer of the dentate gyrus and the stratum radiatum of the CA3 field of the hippocampus, the female pups displayed significantly higher 5-HT1 A receptor densities than male pups (see Fig. 4 ).
GABA A receptors
The hippocampus showed a moderate density of GABA A receptor in CA1/stratum radiatum and CA3 regions with higher receptor labeling in the molecular layer of the dentate gyrus. Within the amygdaloid complex, moderate to high receptor binding was observed in the lateral amygdaloid nucleus (Figs. 1C, 5 ). Because none of the receptors displayed asymmetric distributions in any experimental animal groups, the measurements for both hemispheres were pooled.
Changes of receptor densities after parental separation in a novel environment Dopaminergic D 1 receptors After repeated short parental separation (SP group), D 1 receptor density increased in the female pups in all measured layers of the CA1 hippocampal region (Fig. 2 ) compared with the control group. The male pups of the SP group showed significant D 1 receptor upregulation only in the stratum radiatum of the CA1 area compared with controls (Fig. 2) . No changes were observed in the CA3 region of either gender. In all investigated amygdaloid nuclei (Table 2) , only the female pups displayed a significant increase of D 1 receptor density in comparison with the normal controls (Fig. 3, group C) .
Serotonergic 5-HT1 A receptors
Repeated brief parental separation (SP group) induced a significant increase of 5-HT1 A receptor density in all hippocampal regions and layers in male and female pups (Fig. 4, Table 2 ) compared with normal controls. In the basomedial amygdaloid nucleus, short-term parental separation did not induce any significant changes in either gender (Fig. 4) .
GABA A receptors
In relation to the untreated control group, the GABA A receptor density was decreased in the hippocampus and amygdala, especially in the male pups, after parental separation; however, these differences did not reach statistical significance (Fig. 5, Table 2 ).
Protective effects of maternal vocalizations during parental separation
Dopaminergic D 1 receptors
In male but not in female pups, the presentation of the maternal vocalizations during separation from the mother ("acoustic presence of the mother") suppresses the separation-induced D 1 receptor upregulation in the stratum radiatum of the CA1 region; i.e., the receptor concentrations in this group remained in the same range as in the control group (Fig. 2) . No significant effect of maternal vocalizations on the separation-induced D 1 receptor upregulation was found in the hippocampal CA1 stratum lacunosum moleculare and CA3 region regions (Fig. 2) . In the female pups, the maternal call prevented the separation-induced receptor changes in the basomedial and central amygdaloid nuclei (Fig.   Figure 1 . Subregions of the hippocampus and amygdala. A, [
3 H]-SCH23390 used as dopamine D1 receptor ligand. B,[
3 H]-OH-DPAT used as 5-HT1A receptor ligand. C, 3 H-muscimol used as GABA A receptor ligand. The relatively poor spatial resolution of these images is the result of the use of imaging plates, which provide a better linearity of 14 C-sensitivity and a resolution of Ͼ4000 gray values but a relatively poor spatial image resolution compared with conventional x-ray films. CA1, CA3, Fields in the hippocampus; Rad, LMol, stratum radiatum and stratum lacunosum moleculare of CA fields; DG, dentate gyrus; DG/Mol, stratum moleculare of dentate gyrus; Ce, central nucleus of the amygdala; BM, basomedial nucleus of the amygdala; BL, basolateral nucleus of the amygdala; La, lateral nucleus of the amygdala.
3); i.e., the receptor concentrations in this group remained in the same range as in the control group.
Serotonergic 5-HT1 A receptors
The presentation of the maternal call (SPϩT group) had a significant suppressive effect on separation-induced 5-HT1 A receptor upregulation in all investigated hippocampal regions of the female pups (Fig. 4) . A similar but milder suppressive effect of the maternal calls was seen in the male pups. In contrast, in the basomedial amygdala of the male pups the maternal calls enhanced the separation-induced receptor upregulation (Fig. 4) , whereas in the female pups, the separation-induced receptor densities were not only suppressed by the maternal call but went even below the values of the control group (Fig. 4) .
GABA A receptors
The acoustic presence of the mother during the separation period restored GABA A receptor density in the hippocampus and the amygdala of male pups; i.e., the receptor densities in the SPϩT group were similar to the levels in the control group (Fig. 5) . In the female pups, similar but weaker effects were observed.
Discussion
Effects of parental separation in a novel environment on receptor densities Dopamine: D 1 receptors
Behavioral pharmacological and neurochemical experiments revealed that the mesolimbic dopamine system in young animals is strongly involved in the so-called "isolation syndrome" (Clancy and McBride, 1975) . The D 1 receptor upregulation found in our experiments after very early, i.e., preweaning parental separation, is in line with similar observations in the maternal separation paradigm used in laboratory rats, where changes of dopamine turnover and receptors have been found in the striatum and septum (Kehoe et al., 1996) . In adult rats after repeated maternal separation, increased tissue levels of dopamine were found in dorsal and ventral striatum, and decreased turnover of dopamine was measured in the medial prefrontal cortex (mPFC) (Matthews et al., 2001) . In guinea pig, maternal separation from the mother increased dopamine turnover in the septum and hypothalamus; again, this effect occurred only in the context of novelty (Tamborski et al., 1990; Harvey et al., 1994) .
Imbalances of the dopamine system have been described after postweaning chronic social isolation; e.g., increased levels of noradrenaline, dopamine, and its metabolites were measured in the cortex and dorsal and ventral (nucleus accumbens) striatum of rats. These neurochemical changes are accompanied by enhanced locomotor activities in a novel environment (open field) (Hall et al., 1998; Braun et al., 2003) .
Serotonin: 5-HT1 A receptors
Several studies have shown that 5-HT1 A receptors are involved in response to acute or chronic stress (Mendelson and McEwen, 1991; Flugge et al., 1998) , social isolation (Coudereau et al., 1995) , and environmental enrichment (Rasmuson et al., 1998) . Serotonin itself appears to be downregulated in the dorsal hippocampus and in the mPFC of rat pups after repeated maternal separation (Matthews et al., 2001) , which may indicate counterbalanced regulation between the transmitter and this receptor subtype.
Exposure to stressful events (parental separation) was induced during a period during which the serotonergic afferent systems in the degu and rat brain are still developing and thus may be particularly sensitive to environmental and experimental influences (Daval et al., 1987; Borella et al., 1997; Braun et al., 2000) . We speculate that changes in the serotonergic system induced by parental separation or other stressors, which occur during such developmental time windows, might interfere with the development and maturation of synaptic networks. In addition to its function as neurotransmitter, serotonin (Whitaker-Azmitia et al., 1990 , 1993 Lauder and Liu, 1994) and perhaps also dopamine (Laborit and Weber, 1966; Graybiel, 1991) was identified to act as "trophic" factor during early brain development.
GABA: GABA A receptors
In contrast to the D 1 and 5-HT1 A receptors, the GABA A receptors did not show significant changes after short parental separation in relation to the untreated control group. A nonsignificant trend toward reduced densities of GABA A receptors was observed particularly in male pups, which is similar to the findings of a study in adult rats in which a significant reduction of GABA A receptor binding was found in the prefrontal cortex after chronic restraint stress (Otero Losada, 1988; Gruen et al., 1995) .
Protective effects of maternal vocalizations on separationinduced receptor changes
In summary, our study revealed receptor-, region-, and genderspecific changes of monoaminergic receptor systems in the limbic system in response to a brief stressful episode (parental separation) and to acoustic emotional cues (maternal call). Our finding that the separation-induced receptor changes in limbic structures can be suppressed by maternal vocalizations strongly indicates that this suppression is mediated by the emotional rather than the . Repeated brief parental separation in an unfamiliar environment induced a significant increase in 5-HT1 A receptor density in the hippocampus of both genders; a slight trend in the same direction was observed in the basomedial amygdala. The presentation of maternal vocalizations during parental separation strongly downregulated 5-HT1 A receptor upregulation in the hippocampus and basomedial amygdala of female pups. In male pups, a similar but weaker effect was seen in the hippocampus but not in the amygdala. Values are mean with SE; p values indicate results of two-tailed Mann-Whitney U test. Differences of basal receptor levels (control groups) between the genders are indicated by the gray bars. C, Control group; SP, separation from parents; SPϩT, separation from parents ϩ tone (maternal calls).
Figure 5.
Parental separation with or without acoustic stimulation did not induce significant changes of GABA A receptor densities in the hippocampus and amydgala; however, a strong tendency toward GABA A downregulation was observed in these regions. In the male pups, GABA A values appear to be restored by the presence of maternal calls compared with the control group; a similar but weaker effect was seen in female pups. Values are mean with SE; p values indicate results of two-tailed Mann-Whitney U test. C, Control group; SP, separation from parents; SPϩT, separation from parents ϩ tone (maternal calls).
acoustic features of this auditory stimulus. Behavioral and metabolic studies (Poeggel and Braun, 1996; Braun and Scheich, 1997; Braun and Poeggel, 2001) revealed that degu pups imprint on this maternal call during the first 2 weeks of their life, a juvenile learning process during which the newborn animals most likely form an association between the mother's vocalizations and being nursed and protected.
The "buffering" effect of the mother's voice on the separationinduced receptor changes support the hypothesis that the mother functions as regulator of the socio-emotional environment during early postnatal development. In particular, the emotional interaction via vocal communication between the dam and her pups may ameliorate anxiety and stress levels that are experienced by the pups during parental separation and exposure to an unfamiliar environment. Such subtle emotional regulatory interactions, which obviously can transiently or permanently alter brain activity levels (Poeggel and Braun, 1996; Braun and Scheich, 1997; Braun and Poeggel, 2001) as well as receptor densities, may play a critical role during the establishment and maintenance of limbic synaptic circuits (Helmeke et al. 2001a,b) . Furthermore, such separation-and novelty-induced changes of brain activation and receptor patterns may induce cognitive and emotional/motivational changes in young animals and therefore are of particular relevance with respect to behavioral experiments that involve repeated testing procedures over periods of several days or weeks.
The acoustic presence of the mother during separation significantly suppressed the separation-induced D 1 and 5-HT1 A receptor upregulation; i.e., the SPϩT group displayed similar receptor densities as the untreated normal control group. This buffering effect of the maternal calls was observed primarily in the female pups, whereas in the male pups this effect was observed only for the D 1 receptors in the CA1/stratum radiatum. The male pups displayed no significant changes of D 1 receptor density in the hippocampal formation (except in the CA1/stratum radiatum) and amygdala and also did not show changes in response to the presentation of the maternal calls, whereas the female pups displayed a separation-induced D 1 receptor upregulation in both brain areas that was buffered by the acoustic presence of the mother (except in the basolateral amygdala).
For the 5-HT1 A receptors, the acoustic presence of the mother had a similar suppressive effect on separation-induced upregulation of 5-HT1 A receptor density in the hippocampus of female pups. In the basomedial amygdala, a "paradoxical" genderspecific effect was observed. Although both genders did not show 5-HT1 A receptor changes after separation alone, the presentation of the maternal call induced an increased receptor density in the male pups compared with the untreated control group, whereas in the female pups a significantly decreased receptor density was found compared with the untreated control group.
Gender-specific effects of parental separation on receptors
The present study revealed significantly higher basal levels of 5-HT1 A receptors in the molecular layer of the dentate gyrus and CA3/stratum radiatum of female control pups compared with males from the control group. Furthermore, it is interesting that for both the D 1 and 5-HT1 A receptors, the brains of the female pups were more susceptible to the environmental changes compared with the male pups. Other rodent paradigms for changing neonatal emotional environments also seem to reveal genderspecific effects (Wigger and Neumann, 1999) ; however, the mechanisms involved in sexual differentiation of the CNS are not completely understood. Factors that may underlie such genderspecific responses toward neonatal environmental change may include direct or indirect interaction of gonadal hormones with the function of hypothalamic pituitary axis activation and monoaminergic systems. For instance, an influence of testosterone on cortical dopamine, but not on serotonin levels, has been found in rats (Battaner et al., 1987) . Some recent studies indicate that a balance between glucocorticoids and androgens is necessary to maintain "normal" numbers of monoamine receptors in the brain and that estrogen can modulate brain dopamine receptor gene transcription (Lammers et al., 1999; Lee and Mouradian, 1999) . Estrogen has specific regional effects on 5-HT functions in limbic regions through regulation of the 5-HT1 A gene (Osterlund and Hurd, 1998) , whereas testosterone can renormalize stressinduced changes of limbic 5-HT1 A receptors (Flugge et al., 1998) .
Possible functional implications
Behavioral pharmacological and neurochemical experiments have revealed that the mesolimbic dopamine system is known to be involved in emotional behavior and learning events. Thus, separation-induced changes in monoaminergic modulation of the hippocampus and amygdala may result in altered functions such as deficits in spatial learning (Izquierdo et al., 1998; El Ghundi et al., 1999; Wilkerson and Levin, 1999; Barros et al., 2001 ) and of emotional behavior, in particular those associated with fear and anxiety (Davis et al., 1993; Lamont and Kokkinidis, 1998; Nader and Ledoux, 1999; Guarraci et al., 1999; Greba and Kokkinidis, 2000; Olivier et al., 2001; Zangrossi et al., 2001) .
Interestingly, the limbic brain regions in which maternal vocalizations can alter activity patterns or receptor densities in the rodent pup are the same areas that in a human mother show responses to her infant's cries (Lorberbaum et al., 2002) . Thus, stress-induced lasting changes in brain regions that play a role in emotional behavior during infancy may affect maternal behavior later in the adult and perhaps also limit other socio-emotional capacities. The clinical literature reveals that social loss and emotional deprivation are one of the most powerful antecedents to clinical depression (Furukawa et al., 1998 (Furukawa et al., , 1999 Draijer and Langeland, 1999; Agid et al., 1999) . Maternal/parental separation is a widely used model to investigate the consequences of parental loss on the developing brain (McKinney et al., 1971; Suomi and Harlow, 1975; Suomi, 1991; Blass et al., 1995; Joseph, 1999; Kandel, 1999; Albright et al., 2000; Meaney, 2001) . Separationinduced receptor changes and the resulting dysregulation of the glutamate (Ziabreva et al., 2000) , GABA, and monoamine systems may contribute to the pathophysiology of various clinical disorders such as post-traumatic stress disorder (Spivak et al., 2000) , attention deficit hyperactivity disorder (Daly et al., 1999; Andersen and Teicher, 2000; Sadile, 2000) , depression , schizophrenia (Perry et al., 1984; Benes, 2000; Cotter et al., 2002; Reynolds et al., 2002) , and autism (Dhossche et al., 2002) .
